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A B S T R A C T
Soil-cement bricks were produced using local clay brick waste (CBW) and soft sludge (SS)
from fiber-cement industries, preserving raw resources by substituting with industrial
wastes. The control formula to produce soil-cement bricks, is 15 wt% Portland cement, 15
wt% sand, and 70 wt% laterite. Clay brick waste was added with values from 10 to 50 % of
laterite weight in the control formula. For SS, 5 and 10 % was used to replace the total weight
of the dry mixture in the control formula. The samples were shaped by using a manual brick
making machine. The results showed that the compressive strength of all by-product bricks
exceeded industry standards. The maximum compressive strength was attained for 10 %
replacement of laterite by CBW. When using both SS and CBW, thermal conductivity and
weight of the bricks were further reduced. However, the percentage of water absorption
incorporated into the by-product bricks was higher than that of the control formula but still
within permissible limit of the industrial standard for load-bearing applications. All by-
product bricks showed lower thermal conductivity compared with the control formula.
Soil-cement bricks produced with industry by-products have improved or provided similar
properties to control formula soil-cement bricks. The utilization of CBW and SS content in
the brick samples can save natural resources, decreasing fuel consumption, and reduce CO2
emissions during delivery.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Currently, there is increasing consumer demand for the environmental-friendly construction materials, due to the rising
concerns of the environment and dwindling natural resources. Application of industrial by-products and/or waste as a raw
material for producing soil-cement bricks is a promising solution to achieve this purpose. In addition, industrial-waste
recycling not only reduces the demand on the natural resource but also reduces the landfilled waste and the waste
management cost [1–8].
* Corresponding author.
E-mail address: fengpryc@ku.ac.th (P. Chakartnarodom).
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licenses/by-nc-nd/4.0/).
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To date, soil-cement bricks as shown in Fig. 1(a) have been widely used in many developing countries especially in rural
areas [9]. Generally, soil-cement bricks are prepared from Portland cement, sand, and locally available soil such as laterite
[10]. Laterite is widely found in Thailand with many applications in construction [11]. Commonly, the advantages of soil-
cement bricks are ecological benefits, simple production, and good firing resistance [12,13]. Owing to the soil-cement brick
shape, building a soil-cement brick wall, as shown on Fig. 1 (b), is simple and highly skilled labors are generally not required.
Because firing is not required after brick forming, the production of soil-cement bricks significantly reduces energy costs
compared to fired clay brick production.
Beside soil-cement bricks, clay brick is another common construction material. Currently, due to increasing construction
activities, clay brick waste (CBW) creates many tons of the construction and demolition waste. Generally, brick waste is
recycled as aggregates in concrete [14] or sent to a landfill.
There have been many efforts to reduce the use of natural resources, such as clay or soil in brick production, by replacing
some natural raw materials with waste while still maintain the performance of the products [15,16]. Kunuthia and Nidzam
studied the recycling of the brick dust waste (BDW) and the pulverized fuel ash (PFA) in brick production. The results showed
that stronger bricks could be produced when both BDW and PFA were used as the raw materials compared to using only BDW
[17]. Oti et al. reported on the utilization of BDW and the Mercia mudstone clay for developing the unfired clay building
materials [18]. The results showed that it was feasible to fabricate the bricks when the primary clay was replaced by up to 20
% BDW in the mixture of raw materials. Kumar et al. studied the cement stabilized masonry blocks (CSMB) fabricated from
brick powder, fine recycled concrete aggregate, and pozzolanic materials [19]. The results showed that the compressive
strength and degree of water absorption of CSMB passed the minimum requirements of concrete. Liu et al. studied the
recycled powder generated from aerated concrete blocks and sintered clay bricks and the results presented that the mortar
strength improved by replacing 10 % cement with the recycled powder [20]. Dang and Zhao reported the influence of waste
clay brick as fine aggregate on the mechanical properties of recycled concrete (RBC), with results indicating the density of
RBC gradually decreases with increasing replacement ratio [21]. Shao et al. found that SEM-EDS showed C-A-H and C-A-S-H
gel produced by pozzolanic reaction of recycled clay brick powder (CBP). The mortar contained CBP had the highest
compressive strength at 90 days [22].
Beside the strength, thermal conductivity is a main building regulation concern that indicates the performance of a
construction materials. The advantage of using low thermal conductivity materials is a reduction of energy consumption
[23]. Moreover, the demand for sustainable lightweight construction materials is also rising to offer improvement of worker
efficiency, faster construction, and reduction of the transportation cost [24]. Many studies have been developed to increase
the insulation level and decrease the weight of the construction materials. Khedari et al. found that lower thermal
conductivity and bulk density of composite materials were prepared by using agricultural waste fiber in composite building
materials [25]. Sangrutsamee et al. observed that the use of paper waste composed of short cellulose fiber in building
materials leading to a reduction in thermal conductivity, bulk density, and compressive strength [26]. Ashour et al. reported
that the thermal conductivity of earth bricks decreased with increasing fiber content such as wheat and barley straw [27,28].
Fiber cement is a fiber-reinforced cement-based construction material. Their applications range from roofing to flooring
systems [29]. Generally, fiber-cement products are produced from a slurry prepared from Portland cement, sand, fibers,
additives, and water. To produce a fiber-cement sheet, the slurry is filtered to form the thin layer of raw materials, with many
wet layers attached until the fiber cement sheet has the desired thickness [30]. Soft sludge (SS) is generated from the short
fibers and other raw materials such as cement particles that pass through the filter during fiber-cement forming process.
There is about 10 tons of the SS generated daily from a typical factory. Currently, there is no report on the utilization of SS on
the unfired bricks products. Because, SS mainly contains the short fibers and small particles from set cement mixture, the
utilization of SS for lowering the thermal conductivity of the unfired bricks could be achievable.
Thus, utilizing CBW and SS within the building products could preserve natural raw materials while decreasing waste to
landfill. Subsequently, the focus will be on the influence of both CBW and SS on compressive strength, bulk density, water
absorption, and thermal conductivity of soil-cement bricks.
Fig. 1. (a) soil-cement bricks (b) soil-cement brick wall.
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2. Materials and methods
2.1. Materials
The materials used for the fabrication of bricks were ordinary Portland cement (OPC), laterite, sand, CBW, and SS. The
CBW was collected from a local clay brick factory, Fig. 2 (a) shows the piles of clay brick waste (CBW) at the dumpsite. The SS
was obtained from Shera Public, Co. Ltd., a leading non-asbestos fiber-cement manufacturer in Thailand. The SS, shown in
Fig. 2 (b), was taken from the production line of the fiber cement products using organic fibers as the reinforcement phase.
The SS waste was dried at 80 C for 1 day before use.
All raw materials were crushed and sieved to the particle size finer than 4 mm. Laterite was also characterized for
Atterberg’s limit%, which included determination of plastic limit (PL), liquid limit (LL) and plasticity index (PI) according to
ASTM standard C33 [31]. Specific gravity measurements of raw materials was carried out in accordance with ASTM D854 by
water pycnometer [32]. Physical properties of the raw materials are shown in Table 1.
The chemical composition of recycled materials was monitored by X-ray fluorescence (XRF) spectrometry (Panalytical-
Minipal 4). The chemical constituents of CBW, SS, laterite and sand are listed in Table 2. The results show that the most
abundant oxides in all materials are SiO2, Al2O3, Fe2O3 and CaO. Loss on ignition (LOI) of SS was 55.71 % due to the organic-
fiber content. Particle size distribution curves of sand, laterite, CBW and SS analyzed by particle size analyzer (Malvern
Panalytical Mastersizer 2000) are presented in Fig. 3.
2.2. Sample preparation
2.2.1. Batch mixture
The soil-cement brick samples of size 100 mm  125 mm  250 mm (Fig. 4 (a)) were prepared by using a manual brick
making machine (Fig. 4 (b)). For all batch compositions, the OPC to aggregate ratio was maintained at 1:6 by weight. The
mixing compositions for all formulae are listed in Table 3. The control formula (formula C0) was the common formula for
producing soil-cement bricks by the brick industry. The samples produced from formula C0 were used as the reference
samples. Formula C10 to C50 were 10–50 % of laterite weight in the control formula was replaced by CBW. For formula S5 and
S10, SS was used to replace the total dry mixture weight of control formula by 5 and 10 %, respectively. Furthermore, for
formula C10/S10 and C50/S10, 10 % of dry mixture weight of the formula for C10 and C50 were replaced by SS.
2.2.2. Brick preparation
The raw materials were dry blended in the mechanical mixer. Normal proctor test based on ASTM D1557 was carried out
to determine the amount of required water for the pressing processing [33]. The moisture content of each formula was
optimized as shown in Table 4. The higher amount of CBW increased the optimum moisture content of the mixture. After
forming, the curing process was done within a period of 14 days, the common curing period used in local soil-cement brick
industry. During the curing period, the brick samples were wrapped with plastic sheet for the first 7 days. Then, the bricks
were placed to an open space for another 7 days [34].
2.3. Laboratory test
After air curing for 14 days, the mechanical and physical properties of soil-cement brick samples were determined in
according with standardized procedures. For each formula, five samples were used for each test. The compressive strength
testing was determined from its failure load in accordance to Thai industrial standard (TIS) 109–2517 [35] based on ASTM
C9081 [36] by using a universal testing machine (UTM) in which the compressive load was applied at a rate of 0.1 N/mm2.
Scanning electron microscope (SEM, Quanta 450 FEI) was used to examine the fracture surface of the brick samples after
compressive strength testing. Bulk density and water absorption test were carried out by Archimedes method based on TIS
109–2517 [35] and ASTM C9081 [36] standards. Thermal conductivity testing was done in accordance to ASTM C177 [37] at
temperatures ranging from 20 C to 50 C.
3. Results and discussion
3.1. The effect of CBW content on the brick properties
The compressive strength of soil-cement bricks formula C0 to C50 (0–50 % replacement of laterite by CBW) are shown in
Fig. 5. The brick with 10 % replacement of laterite by CBW had the highest compressive strength. Above 10 % laterite
replacement, there was a slight decrease in compressive strength; however, those are still higher than the brick samples from
formula C0. The effect of CBW content on density and water absorption are shown in Fig. 6. Obviously, bulk density decreased
with the addition of CBW in the bricks. Furthermore, water absorption was inversely related to density data of the brick
samples. Water absorption of the brick samples containing CBW is higher than that of the samples from Formula C0 which
corresponded to the previous works of Kinuthia and Nidzam [17] and Oti et al. [18].
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Because the strength of CBW is higher than that of laterite, the compressive strength of the brick samples was improved
when CBW was added. However, the porosity of the commercial clay brick was relatively high because the water absorption
of those bricks was generally between 10 % and 20 % [20]. Normally, the porosity and water absorption of the recycled
aggregate were high [38]. According to Katkhuda and Shatarat [39], the recycled aggregate from construction waste could
contain surface cracks which can affect the porosity and the degree of water absorption. Moreover, comparing with soil
particles, particle deformation and sliding during compaction of CBW are less likely to occur during particle packing.
Therefore, due to the high porosity of clay brick and the possible surface crack on CBW particles, and the packing efficiency of
CBW, the reduction of bulk density and the increasing of water absorption of CBW-incorporated brick samples was observed,
and when laterite replacement was over 10 %, there was a reduction of compressive strength of the brick.
The brick samples prepared with greater laterite replacement than 50 % by CBW could not be shaped. This indicated that
the replacement of laterite with CBW amounts higher than 50 % was limited by the particle packing of specimens.
3.2. The effect of SS and CBW content on the brick properties
The effect of SS and CBW content on the compressive strength is shown in Fig. 7. It was shown that the bricks with SS
(formula S5 and S10) have a compressive strength of 10.64 and 10.38 MPa respectively. This corresponds to a decrease of
about 13.2 %–15.3 % in comparison to the control formula C0. The decrease in compressive strength is most likely from the
reduction of cement content in the mixtures of formula S5 and S10 shown in Table 3. Cement acts as a stabilizer that fills
empty voids for binding the soil particles. From hydration reaction in cement, CSH and CAH gel fill the voids improving
strength. Decreasing the content of cement in the mixture leads to lower strength of the bricks [41]. In addition, because SS
Fig. 2. (a) Clay brick waste (CBW) and (b) Soft sludge (SS).
Table 1
The physical properties of raw materials.
Description Laterite CBW Sand SS
Atterberg’s limit
- Liquid limit, LL (%) 29.05 – – –
- Plastic limit, PL (%) 24.54 – – –
- Plasticity index, PI (%) 4.51 – – –
Specific gravity 2.57 2.60 2.62 1.84
Textural composition (%)
- Sand content (75mm - 4750 mm) 32 26 98.8 18
- Silt content (2mm - 75 mm) 59.2 73.1 1.2 73
- Clay content (< 2mm) 8.8 0.9 0 9
USCS soil classification SM – – –
Table 2
Chemical compositions of CBW, SS, laterite and sand.
Oxide (wt%) SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 LOI
CBW 22.87 68.32 5.24 0.1 0.6 0.1 1.85 0 –
SS 10.69 6.74 0.87 0.96 24.15 0.24 0.22 0 55.71
Laterite 80.06 7.29 3.79 0 0.53 0 4.68 1.55 2.1
Sand 96.29 2.12 1.01 0 0.15 0 0.25 0.18 –
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contained the small set cement particles and short fibers, those could cause the reduction in cohesion between the soil
particles, leading to the reduction of the compressive strength. According to Miqueleiz et al. 2013 [15], increasing alumina
filler waste resulted in a decrease in strength due to an additional open internal structure in the samples.
To enhance the strength of the S10 formula and maximize the amount of waste used in the brick, the addition of CBW was
introduced. Because the bricks prepared from C10 formula (Fig. 5) has the highest compressive strength while CBW loading
beyond 50 % bricks cannot be shaped, the properties of the bricks prepared from C10/S10 and C50/S10 formula were
monitored.
Comparing the bricks prepared from the C10/S10 formula with S10 formula, it is shown that there was significant
improvement in compressive strength by the addition of CBW. Thus, the compressive strength of C10/S10 formula was
enhanced to about the same level of the control formula.
To maximize the amount of waste used in the brick, the C50/S10 formula was included in this study. The bricks produced
from the C50 formula had slightly higher compressive strength than the standard formula (C0). However, addition of CBW in
Fig. 3. Particle size distribution of raw materials.
Fig. 4. (a) samples of soil-cement bricks (b) manual brick making machine.
Table 3
Dry mix composition for test specimens.
Formula Raw material (wt%)
CBW Laterite Sand SS OPC
C0 0.00 70.00 15.00 0.00 15.00
C10 7.00 61.00 15.00 0.00 15.00
C20 14.00 56.00 15.00 0.00 15.00
C30 21.00 49.00 15.00 0.00 15.00
C40 28.00 42.00 15.00 0.00 15.00
C50 35.00 35.00 15.00 0.00 15.00
S5 0.00 66.50 14.25 5.00 14.25
S10 0.00 63.00 13.50 10.00 13.50
C10/S10 6.30 56.70 13.50 10.00 13.50
C50/S10 31.50 31.50 13.50 10.00 13.50
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C50/S10 formula had no effect on improving compressive strength comparing with the S10 formula. The compressive
strength values of all bricks still satisfied the requirement for load bearing application (> 7 MPa).
The effect of SS and CBW content on the bulk density and water absorption of the bricks is shown in Fig. 8. As expected,
bulk density of the bricks decreased when SS content increased. It was shown that the bricks containing SS have a bulk
density of 1.87 and 1.84 g/cm3 for 5 and 10 % SS contents, respectively. This corresponded to a decrease of bulk density about
3.1 %–4.7 % in comparison with the brick sample from control formula C0. The reason is the lower density of SS itself
compared to laterite and sand, which are heavier. Moreover, the decrease in bulk density is from the reduction of cement
content in the mixtures of formula S5 and S10. Decreasing the content of cement in the mixture leads to higher porosity in
the matrix [41]. This result also agrees with previous work by Ashour et al. [27] increasing the amount of SS containing fibers
in the mixture generally reduced the specimen weight and density.
Bulk density of the bricks prepared from C10/S10 and C50/S10 formula (1.66–1.7 g/cc) were lower than that of the bricks
containing CBW only (1.83–1.86 g/cc), Fig. 10. Therefore, increasing both CBW and SS content in the mixtures
further decreased the weight of brick samples while maintaining the strength of the bricks. According to Thai community
product standard (TCPS) 602/2004 [40], for load-bearing soil-cement bricks, the compressive strength must be over 7 MPa
and the water absorption must be less than 15 %. Results clearly show that both CBW and SS can be used as a partial




Formula C0 C10 C20 C30 C40 C50 S5 S10 C10/S10 C50/S10
Optimum water content (%) 15 15 16 17 17 17 15 15 16 17
Maximum dry density (g/cc) 1.83 1.77 1.73 1.70 1.72 1.70 1.77 1.73 1.62 1.60
Fig. 5. Compressive strength of the soil-cement bricks versus % laterite replacement by CBW. The horizontal line indicates the minimum compressive
strength required for load bearing soil-cement bricks, according to Thai community product standard (TCPS 602/2547) [40].
Fig. 6. Bulk density and percentage of water absorption (%WA) of the soil-cement bricks versus % laterite replacement by CBW. The horizontal line indicates
the maximum percentage of water absorption accepted for load bearing soil-cement bricks, according toThai community product standard (TCPS 602/2547)
[40].
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3.3. Microstructure of the bricks
The compressive fracture surface of the brick prepared from C50 formula after air cured for 14 days is shown in Fig. 9 (a).
At the higher magnification in Fig. 9 (b), SEM micrographs showed that C50 formulation bricks had the dense microstructure
of the cured cementitious matrix. The microstructure of C50/S10 formulation was more heterogeneous with CBW, short
fibers, and the cement matrix, Fig. 9 (c). Furthermore, in the C50/S10 formulation bricks at higher magnification, compared to
C50 formulation Fig. 9 (b), a less dense microstructure and an increase in porosity in the matrix were observed. This result is
consistent with water absorption and bulk density data. Bulk density of the bricks containing both CBW and SS are lower than
that of the bricks containing CBW only.
3.4. Thermal conductivity
The effect of SS and CBW content on thermal properties of the bricks is shown in Fig. 10. The result shows the average
thermal conductivity of brick samples with formula S5 and S10 are 0.37 and 0.256 W/m-K, respectively. This indicated that
increasing SS percentage from 0 % to 10 % caused a decrease in thermal conductivity of 45 % in comparison to bricks without
SS (formula C0) [16]. This corresponded to previous work by Sangrutsamee et al. [26]. The density of a material is strongly
correlated with mechanical and thermal properties. The bricks have a lower thermal conductivity due to more voids in the
samples. Oti et al. [42] observed that thermal conductivity is a function of material density. Thermal conductivity of the
bricks prepared from C10/S10 and C50/S10 formula were 0.33 and 0.30 W/m K, respectively. The results illustrated that the
bricks prepared from CBW and SS have lower thermal conductivity and a weight reduction compared to control formula.
Hence, recycling of CBW and SS as the raw materials for producing soil-cement bricks not only reduces the natural resource
consumption, but also saving consumers energy.
Fig. 7. Compressive strength of the soil-cement bricks versus SS and CWB content.
Fig. 8. Bulk density and water absorption (%) of the soil-cement bricks versus SS and CBW contents. The horizontal line indicates the maximum percentage
of water absorption accepted for load bearing soil-cement bricks, according to Thai community product standard (TCPS) 602/2547 [40].
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3.5. The logistical cost of bricks
The logistical costs can be an important factor for business operation and vehicle weight reduction reduces fuel
consumption and greenhouse gas emission. For the light trucks, fuel consumption can be reduce by 0.49 L/100 km for each
100 kg weight reduction [43]. Additionally, according to the US EPA [44], the amount of CO2 emission is linearly correlated
with the vehicle weight. The 100 kg vehicle weight reduction could reduce CO2 emission at least 0.94 kg/100 km. As
mentioned before, formula C0 was the common soil cement brick formula. By adding CBW and SS, there was the reduction in
Fig. 9. SEM micrographs of the fracture surfaces of the soil-cement bricks: a) and b) C50 with low and high magnification and c) and d) C50/S10 with low
and high magnification.
Fig. 10. Thermal conductivity of the soil-cement bricks versus SS and CBW content.
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density which decreased the weight of a brick. For a small brick factory, the brick shipment is normally done by using a small
truck which can ship about 700 bricks/trip. Normally, the weight of soil-cement bricks is about 5 kg. Therefore, the total
weight of the bricks was 3500 kg. Due to the reduction in the bulk density when CBW and/or SS were added, the total weight
of the shipment is reduced. The possible fuel saving and reduction in CO2 emission due to the reduction of the total brick
weight are shown in Fig. 11. Obviously, the higher CBW and/or SS content in the brick samples, the larger fuel savings and
reduction in CO2 emission in the transportation of the bricks.
4. Conclusions
These results revealed that there is potential in using CBW and SS as the raw materials for soil-cement brick production.
The results reported the following;
1 The maximum obtainable replacement of laterite by CBW was 50 % by weight in the dry mixture used for preparing the
bricks.
2 The maximum compressive strength was attained for 10 % replacement of laterite by CBW. Partial replacement of laterite
by CBW improved the compressive strength of the soil-cement bricks required for the load-bearing brick application.
3 Even though introducing SS caused a reduction in compressive strength of the brick samples relative to the samples
prepared from the control formula, they still exceeded the Thai community product standard (TCPS) 602/2547 based on
ASTM C9081.
4 For all formulations the density and the thermal conductivity of the bricks are decreased. Increasing SS percentage from 0%
to 10 % caused a significant decrease in thermal conductivity of 45 % compared to the control formula.
5 When using both SS and CBW, thermal conductivity and density of the bricks were further reduced, while their
compressive strength and water absorption values were still satisfied Thai community product standard (TCPS) 602/2547
based on ASTM C9081. This weight reduction of brick samples due to the incorporation of both SS and CBW also promote
the fuel savings while reducing CO2 emission during brick transportation. These results also supported the energy-saving
and environmental conservation goals.
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